The development of best management practices (BMPs) for optimum nitrogen (N) use by crops contributes to farm profitability, increased food and fiber production, and best stewardship of the environment and its resources. Such BMPs are both site-and crop-specific. Optimum N use by plants is influenced not only by climate and certain soil characteristics, but also by management practices such as tillage, time and method of N application, or positive interactions with nutrients and supporting cropping practices. Phosphorus (P) and potassium (K) are two of the nutrients essential for effective use of N by plants. Nitrogen interactions with P and/or K help to improve root system development, dry matter production, and other plant functions regulating crop yield and quality.
INTRODUCTION
The importance of nitrogen (N) for the production of food, feed, and fiber throughout the world is well documented. Equally important is the fact that world need for food continues to increase as the amount of arable farmland continues to decline [1] . Socolow [2] suggests five principles for guiding the management of human impact upon the N cycle. One involves an emphasis on improving the efficiency of both food producers and consumers throughout the system. Less than half of the fixed N added by agriculture ends up in harvested crops, and less than one-quarter ends up in the food consumed. These scenarios present a meaningful challenge for farmers to produce more per unit of land area and to do it profitably by using environmentally sound agronomic practices. Such practices will be site-specific to the land and to the crop, and must originate from research and fit modern farming systems.
Environmental concerns relating N to air and water quality and the relationships of N to the sequestering of carbon in the soil are well documented [2, 3] . Many sources of N are involved with such issues. One is reported to be in the form of commercial fertilizer N for the production of food to feed people and animals. Others sources of N include the natural decomposition of organic plant residues, the release of atmospheric N during electrical storms, organic N discharge from billions of wild animals and birds, and the application of animal manures and municipal waste treatment products to farm fields.
DISCUSSION
Decades of field research on N from commercial fertilizer sources have generated a data base of knowledge capable of establishing site-and crop-specific best management practices (BMPs) for N use that are efficient, effective and most protective of the environment. Such BMPs must address differences among crops with respect to total need for N, as well as the need during specific stages of plant growth. Professor of Crop and Soil Science, University of Georgia, Athens, GA release from crop residues and soil organic matter, and take into account soil physical and chemical characteristics that influence N movement in the soil, and they embrace the positive interactions of N with other nutrients such as phosphorus (P), potassium (K) and/or sulfur (S). By understanding interactions among these nutrients and other essential inputs, N-use effectiveness can be optimized as suggested by Socolow [2] with the result of improved crop productivity and improved environmental stewardship of land and resources.
Although N is the most recognized plant nutrient, it does not work alone in plant nutrition. The visual effect of N is quite noticeable because it imparts dark green color and rapid growth in a plant, or when N is in short supply, the plant becomes pale green in color and stunted in growth. A shortage of P, K, or S, however, can drastically alter the effectiveness of N applications. A shortage of S, for example, will often express plant symptoms similar to a shortage of N even though adequate amounts of N are present. One of the reasons is that both N and S are components of two essential amino acids, methionine and cysteine, the building blocks for plant protein. A shortage of S creates inefficient and ineffective use of N. In a similar manner, insufficient P and/or K will partially inhibit major N functions in plant growth and restrict N use efficiency and productivity by the plant.
Long-term research by University of Maryland scientist Dr. Allan Bandel illustrates the influence of P and K on grain production by corn receiving 160 lb of N per acre per year [4] . Table 1 shows the results of a 10-year study comparing N with and without P plus K in the nutrient-management program. When corn received only N, grain yields progressively declined as soil P and K reserves were utilized. Grain production over the 10-year period declined by 52% as a result of inadequate P and K.
In 1999, Ohio State University scientist Dr. Jay Johnson reported the influence of P and K on the grain yield of corn fertilized with a uniform rate of N [5] . As shown in Table 2 , this long-term study illustrates the value of balanced plant nutrition during years of soil moisture stress. Grain yields actually declined when P was applied to K-deficient soils receiving adequate N. As soil test-K level increased, grain yield response to P increased dramatically. Balancing the applied N with P and K resulted in higher grain yields, and a greater amount of the applied N was absorbed by the plant for residue and grain formation.
Florida researcher Dr. Fred Rhoads [6] evaluated the interaction of P and K with N by growing field corn on a sandy loam soil (testing low P, medium K) under center pivot irrigation. His findings also demonstrate the agronomic value of a balanced NPK fertilization program for corn (Table 3) . Nitrogen-fertilized corn without supplemental P and K yielded 113 bu/acre. The addition of K without P increased corn yield nearly 23 bu/acre. The addition of P without K increased grain yield by 26 bu. When both P and K were applied, grain yield exceeded the combined individual yield responses from P and K by 15 bu/acre. By providing crop requirements for both P and K, the yield of grain per pound of N applied increased from 32 to 50 lb, an increase in N use effectiveness of more than 50%.
In a similar study in Illinois, the application of 120 lb/acre of potash to a soil testing high in K increased corn grain yield from 149 to 171 bu/acre. In this study, potash increased the pounds of grain produced per pound of N applied from 28 to 32 lb for nearly a 15% improvement.
As shown in Table 4 , the optimum yield response from N applied to dryland wheat resulted when soil P was corrected as a yield limiting factor [7] . The quantity of wheat produced from 60 lb of applied N increased from 38 to 58 lb a 52% increase as a result of the application of P. Nitrogen-use effectiveness can also be improved for forage crops. As shown in Table 5 , Georgia researchers evaluated the importance of K to N-use by coastal bermudagrass [8] . The most economic rate of N for optimum yield and quality was determined to be 400 lb/acre when P and K were not limiting plant growth. When crop need for K was provided, forage yield increased from 5.2 to 7.5 t/acre, and total N uptake by the harvested forage increased dramatically. When K was inadequate, the forage absorbed only 75% of the N applied. With adequate K nutrition, bermudagrass roots captured 92% of the 400 lb/acre of applied N.
The benefits of balanced fertility and highly fertile soils are not restricted to yield improvement alone [9] . This was documented by the bermudagrass research conducted by Georgia scientists (Table 6 ). Bermudagrass grown on fertile soils had a deep and well-developed root system. More roots growing deeper into the soil enable plants to better utilize nutrients such as N and water positioned deep in the soil profile. More roots also mean more organic matter left in the soil. Research by the U.S. Department of Agriculture Agricultural Research Services National Soil Tilth Lab indicates that 75% of the new carbon (organic matter) comes from the roots and 25% from the crop residues [10] . By fertilizing soils low in P with adequate amounts of P, an improvement in soil organic matter from both roots and shoots will enhance soil quality. As crop residue is decomposed by soil microorganisms, soil particles are bound together into stable aggregates. This process improves soil structure, allows surface water to enter the soil with greater ease, and thereby decreases erosion.
Crops experiencing N, P, and/or K nutrition disorders might not always show visible distress signals. Many signals are related to nutrient function in plant growth. A shortage of a nutrient can decrease plant capacity to develop. Where two or more nutrients are involved with the same function, a shortage of one can initiate a reduction in effectiveness of the other even though it is present in sufficient amount; thus, balanced nutrition becomes fundamental to effective crop use of available N.
According to Smil[11] , human activity has nearly doubled the amount of N entering the N biospheric cycle, and crop production being one of the large contributors. Of all the N inputs, about half are believed to be assimilated by harvested crops. The remainder become subject to loss to the atmosphere by volatilization and denitrification and to surface and ground waters through loss by leaching and erosion. In spite of the losses, the worlds agricultural lands are presently N accumulators and the growing world population will require further increases in N use on croplands.
Science responds to this challenge through the identification of BMPs capable of improving crop use effectiveness and efficiency of applied and residual sources of N. A few of these, according to Munson and Runge [12] involve soil analysis for nutrients that interact with N; selection of N sources less subject to volatilization and loss by leaching; establishment of proper nutrient ratios; and better timing of nutrient applications in relation to crop need. In addition, the use of special ingredients added to N fertilizers, such as nitrification or urease inhibitors, is sometimes helpful in improving N availability to crops.
CONCLUSION
As precision agricultural technology evolves, a greater amount of land area will likely utilize variable rate technology for the application of N and other crop production inputs. Adjustments in the genetic code of plants will likely develop crops with improved root systems, greater resistance and/or tolerance to stress, and other attributes related to improved N-use efficiency.
All of these new technologies and solutions are not without cost or without a time requirement for understanding, acceptance, and adoption by farmers of all nations. Also, the basic physiology set down for plant growth will not likely be altered appreciably. Each plant will continue to require each of the 17 essential elements for plant growth. Each plant will continue to require that these elements be available in the right quantities, at the right time and in the right form for the development of its full genetic potential for growth. For optimum use effectiveness of N in crop production, plants will continue to require a balance of nutrients, such as P and K.
